Seasonal windows of opportunity represent intervals of time within a year during which 9 organisms have improved prospects of achieving life history aims such as growth or 10 reproduction, and may be commonly structured by temporal variation in abiotic factors, bottom-11 up factors, and top-down factors. Although seasonal windows of opportunity are likely to be 12 common, few studies have examined the factors that structure seasonal windows of opportunity 13 in time. Here, we experimentally manipulated host plant age in two milkweed species (Asclepias 14 fascicularis and Asclepias speciosa) in order to investigate the role of plant species-specific and 15 plant age-varying traits on the survival and growth of monarch caterpillars (Danaus plexippus). 16 We show that the two plant species showed diverging trajectories of defense traits with 17 increasing age. These species-specific and age-varying host plant traits significantly affected the 18 growth and survival of monarch caterpillars through both resource quality-and resource 19 quantity-based constraints. The effects of plant age on monarch developmental success were 20 comparable to and sometimes larger than those of plant species identity. We conclude that 21 species-specific and age-varying plant traits are likely to be important factors with the potential 22 to structure seasonal windows of opportunity for monarch development, and examine the 23 implications of these findings for both broader patterns in the ontogeny of plant defense traits 24 and the specific ecology of milkweed-monarch interactions in a changing world. 25 Keywords: seasonal windows of opportunity, phenology, ontogeny, Asclepias, Danaus 26 plexippus, climate change, host plant age, host plant species, defense trajectories, herbivore 27 growth and survival, plant vigor hypothesis, plant stress hypothesis 28 29 Plant establishment 93
Introduction 30 Seasonal windows of opportunity are intervals of time within a year during which organisms 31 have improved prospects of achieving life history aims such as growth or reproduction (Yang 32 and Cenzer 2019). Seasonal windows of opportunity are likely to occur in a wide range of systems, few studies have examined the ecological consequences of these temporally variable 75 plant defense traits for the developmental prospects of herbivores. 76 Here, we present an experiment designed to isolate and examine the role of plant traits in 77 constraining seasonal windows of opportunity for larval monarchs (Danaus plexippus) feeding experiments are necessary to identify the factors that structure these windows of opportunity in 82 time. In this experiment, we isolated the species-specific effects of age-varying plant traits on the 83 developmental prospects of monarch caterpillars by presenting plants of two milkweed species 84 and three age classes synchronously to a single cohort of monarch caterpillars. This design aimed 85 to control for the effects of seasonally variable abiotic conditions and natural enemy 86 communities while isolating the effects of species-specific and age-varying plant traits. The key 87 questions we address in this study are: a) How do plant traits, including measures of both size 88 (i.e., resource quantity) and defensive traits (i.e., resource quality), change with plant age in two 89 species of milkweed host plants? b) How do these species-specific and age-varying changes in 90 plant traits affect the growth and survival of larval monarchs? 91 Methods 92 8 in hatch timing. Each monarch egg was checked 24 h after its initial introduction (experimental 140 day 1) to assess hatch rate and larval length. Afterwards, we re-measured caterpillars every 2-3 141 days until they died or left the plant (N=1034 observations). All larvae were measured to the 142 nearest 0.1 mm using dial calipers; eggs were assumed to have a length of zero. Larval mass was 143 estimated from a power law regression of caterpillar length and mass, parameterized from a 144 dataset describing 73 unmanipulated caterpillars measured in 2014 (mass=0.0223 * length + 145 2.9816, R 2 =0.97). During each observation, we also visually estimated the proportion of leaf area 146 that was removed due to herbivory (hereafter, percent damaged). Caterpillars were intentionally 147 not bagged or constrained at any point in this experiment so that we could assess when 148 caterpillars left their host plants (in terms of caterpillar age, caterpillar size, and host plant 149 herbivory). Caterpillars that left their host plant below a minimum threshold size for pupation 150 (35 mm length, or 895 mg) were assumed to have been unable to complete their larval 151 development on a single host plant; in the context of a single plant patch, we considered these to 152 be "dead" in our survival analyses. Caterpillars that left their host plant after attaining this 153 threshold size were considered to be seeking pupation sites, and were considered to be right-154 censored in survival analyses. The threshold size for pupation (895 mg or 35 mm) was 155 determined by assessing the larval size attained by all pupating caterpillars in previous field 156 experiments, and among 248 caterpillars reared in the laboratory in 2014 and 2015 (Yang and of these plants, we removed all observations from these three plants for the analyses presented 163 here. 164 Analyses of plant traits 165 We analyzed plant traits (total stem length, total stem cross-sectional area, total leaf area, mean 166 latex exudation and trichome density) using linear models with likelihood ratio tests to assess the 167 significance of plant species, plant age and their interaction as explanatory categorical factors (R 168 Core Team 2018). These analyses allowed us to examine how plant traits changed with age in 169 each milkweed species.
170
Survival analyses 171 We analyzed the survival of monarchs for each plant species and age cohort to generate species- Estimation of larval growth rates 183 We estimated overall larval growth rates as the slope of the log-linear fit of experimental day vs. 184 log(mass) for each individual caterpillar; i.e., as a relative growth rate. In order to estimate the 185 slope of a log-linear regression in a dataset that included zero values, we added a small constant 186 equal to the minimum observed mass across the dataset to all mass data in the log-linear analysis. 187 We used a log-linear fit of mass (as opposed to length) data because visual inspection indicated 188 that caterpillar masses show a more log-linear (i.e. exponential) pattern of increase over time, 189 although these two metrics of monarch size yield qualitatively identical results. To avoid 190 inaccurate overall slope estimates resulting from insufficient data, we excluded caterpillars that 191 died before reaching 10 mm length.
192
In addition, we also estimated overall larval growth rates as the mass of caterpillars on 193 experimental day 8; i.e., as the absolute growth rate. When assessing caterpillar size attained 194 over this interval, all caterpillars that did not survive to the end of that interval were necessarily 195 excluded. We chose day 8 for these growth rate estimates in order to achieve a balance between 196 maximizing the length of time considered, and minimizing the number of caterpillars excluded.
197
For simplicity, we primarily present relative growth rates based on the slope of the log-linear 198 regression here because this estimate is informed by more observations for each summary 199 growth rate, and because this approach can be more easily generalized to examine a range of 200 interval-specific growth rates. Because both of these overall growth rate estimates are measured 201 relative to size on day 0, they are mathematically similar and yield qualitatively similar results; 202 in addition, although they use different criteria for data exclusion, they both summarize the 203 growth rates of a similar number of caterpillars (N=74 for the log-linear approach, and N=71 for 204 the size on day 8 approach). For completeness, the analysis of absolute growth rates is presented 205 in Appendix S1. 206 We also estimated the interval-specific relative growth rates of caterpillars using log-linear 207 regression on two timescales: a) for all possible intervals; i.e., between all available adjacent 208 experimental days (0, 1, 4, 6, 8, 11, 13, 15, and 18) and b) comparing early (between days 0 and 209 1) and late (between days 1 and 11) growth rates. 211 We calculated the size of the plant species effect for each cohort as the fixed effect coefficient of given cohort would indicate that the caterpillars in that cohort showed relative growth rates that 219 are 5% lower on showy milkweed than on narrow-leaved milkweed. 220 We also calculated the size of the plant age effect for each available experimental day (0, 1, 4, 6, 
210

Analyses of plant species and plant age effect sizes on larval growth rates
Results
242
Plant traits varied with plant species and age 243 The size and defensive traits of both milkweed species changed over time in species-specific 244 ways. Across all cohorts, narrow-leaved milkweed showed total stem lengths that were 3.1 times 245 13 greater than those of showy milkweed (plant species: F1,106=76.7, p<0.0001, Fig. 1a ). While both 246 species increased their total stem length across the three cohorts (plant age: F1,106=128.5, 247 p<0.0001), total stem length increased more quickly in narrow-leaved milkweed than in showy 248 milkweed (plant species × plant age: F1,105=117.3, p<0.0001), reflecting differences in the 249 architecture of these two species. In 4-week-old plants, the mean total stem length of narrow-250 leaved milkweeds was only 1.2 times that of showy milkweed (12.5 vs. 10.4 cm) , but this 251 difference increased to 3.3 times (44.9 vs. 13.7 cm) in 9-week-old plants, and to 3.6 times in 12-
252
week-old plants (116.3 vs. 31.9 cm). Total leaf count showed a similar pattern (Fig. 1b ). The 253 total cross-sectional stem area was also greater in narrow-leaved milkweed overall (plant 254 species: F1,106=14.6, p=0.0002, Fig. 1c ), increased with plant age (plant age: F1,106=180.4, 255 p<0.0001); and increased more in narrow-leaved milkweed relative to showy milkweed (plant 256 species × plant age: F1,105=4.2, p=0.041), though this weaker interaction effect suggests that this 257 metric of plant size did not continue to diverge over plant ontogeny (Fig 1c) . By comparison, 258 total leaf area increased with plant age (plant age: F1,106=285.3, p<0.0001, Fig. 1d ), but did not 259 differ between species overall (plant species: F1,106=0.028, p=0.867, Fig. 1d ); while narrow-260 leaved milkweed showed an accelerating trajectory of increasing leaf area with age, showy 261 milkweed showed a decelerating trajectory of increasing leaf area with age (plant species × plant 262 age: F1,105=8.6, p=0.0041, Fig. 1d ).
263
In contrast, both defense traits showed a significant diverging pattern with plant age (Fig 1e and   264 1f). Overall, mean latex exudation was 11 times greater in showy milkweed compared to narrow-265 leaved milkweed (plant species: F1,106=57.3, p<0.0001, Fig. 1e ), and the mass of exuded latex 266 increased with plant age for both species (plant age: F1,106=55.8, p<0.0001, Fig. 1e ). However, 267 the pattern of increased latex exudation with plant age differed strongly by plant species (plant 268 14 species × plant age: F1,105=77.6, p<0.0001, Fig. 1e ); while the mean mass of exuded latex 269 increased more than four-fold between 4 and 12 week-old narrow-leaved milkweeds (0.19 mg to 270 0.80 mg), it increased by almost 19 times between 4 and 12 week-old showy milkweeds (0.64 271 mg to 12.00 mg). Among 4-week-old plants, showy milkweed exuded 3.4 times more latex than 272 narrow-leaved milkweed (0.64 vs. 0.19 mg); among 12-week-old plants, showy milkweed 273 exuded 14.9 times more latex than narrow-leaved milkweed (12.00 vs. 0.80 mg). Trichome 274 densities showed a similar pattern; overall, trichomes were 4.2 times denser on showy milkweed 275 compared with narrow-leaved milkweed (plant species: F1,106=19.2, p<0.0001, Fig. 1f ), and 276 plants showed generally increasing mean trichome densities with plant age across both species 277 (2.2% among 4-week-old plants to 10.2% among 12-week-old plants, plant age: F1,106=19.5, 278 p<0.0001, Fig. 1f ). Trichome densities increased faster on showy milkweed than on narrow-279 leaved milkweed (plant species × plant age: F1,105=22.3, p<0.0001, Fig. 1f ).
280
Plant age explained more of the observed variation in total stem length, total stem cross-sectional 281 area and total leaf area than plant species (ΔR 2 =0.41 vs ΔR 2 =0.25 for total stem length, ΔR 2 =0.60 282 vs ΔR 2 =0.05 for total stem cross-sectional area, ΔR 2 =0.73 vs ΔR 2 =0.0001 for total stem length). Fig. 2a ), they are more different on 8-and 12-week-old 295 plants (8-week-old plants: χ 2 1=2.9, p=0.089, Fig. 2b ; 12-week-old plants: χ 2 1=2.9, p=0.086, Fig.   296 2c). For example, caterpillars showed 2.4% greater daily survival rate on showy milkweed 297 among 4-week-old plants ( Fig. 2a ), but showed 10.1% and 8.4% greater daily survival on 298 narrow-leaved milkweed in weeks 8 and 12, respectively ( Fig. 2b and 2c p=0.051, Fig. 5 ).
341
The effects of plant age on the realized growth rates of surviving larvae changed over the course 342 of the experiment, as caterpillars died or left their host plant due to insufficient resources. The 343 effects of plant age on caterpillar growth rates were variable but consistently negative throughout 344 the experiment for showy milkweed, but these effects showed larger changes for caterpillars 345 feeding on narrow-leaved milkweed (Fig. 6b ). On narrow-leaved milkweed, the magnitude of the Fig. 7 ).
355
Caterpillars also attained larger sizes growing on narrow-leaved milkweed than on showy 
387
Plant traits showed consistent differences between species and were strongly structured by plant 388 age (Fig. 1) . The species-specific differences between host plants increased with plant age for 389 total stem length ( Fig. 1a ) and total number of leaves ( Fig. 1b) , reflecting species-specific 390 differences in plant architecture. Because the growth form of showy milkweed is largely single-391 stemmed with large leaves, whereas narrow-leaved milkweed is generally branching with smaller 392 leaves, total stem cross-sectional area and total leaf area are probably more indicative of the plant 393 biomass available to herbivores than total stem length and total number of leaves. By 394 comparison, total stem cross-sectional area ( Fig. 1c ) and total leaf area ( Fig. 1d ) showed 395 relatively non-diverging ontogenetic trajectories suggesting that, despite large differences in their 396 architecture, the plant biomass available to herbivores did not diverge between species as 397 markedly over ontogeny as other species-specific traits, including defensive traits ( Fig. 1e Spiller and Agrawal 2003). Our results suggest that plant age is a key determinant of variation in 424 21 this defensive trait, and show that the strongest effects of these age-associated differences in 425 plant traits on growth rate occur in the first 24h of larval development.
426
Monarch caterpillars experienced greater developmental success (i.e., attained larger maximum 427 larval sizes) on narrow-leaved milkweed than on showy milkweed (Fig. 7) , and the difference 428 between host plant species was particularly strong for older host plants (Fig. 7) . These findings ontogeny as the defensive traits of these species diverged with increasing plant age ( Fig. 1e and   434 1f). On the oldest host plants, both growth ( Fig. 4 and 6a ) and survivorship (Fig 2c) were 435 strongly structured by plant species; on both counts, caterpillars developing on narrow-leaved 436 milkweed fared better than those developing on showy milkweed. These patterns are consistent 437 with the different seasonal windows of opportunity that have been previously observed for 438 monarchs feeding on these two host plants (Yang and Cenzer 2019): while monarchs showed 439 two seasonal windows of opportunity on narrow-leaved milkweed, those feeding on showy 440 milkweed only showed the early season window. We suggest that increasing plant defense traits resource quantity (i.e., plant size) and quality (as affected by age-varying defensive traits).
448
Future studies will be necessary to more specifically examine how increasingly senescent plant 449 traits affect larval success in the second window of opportunity observed in this system.
450
In this study, differences between plant species in the effect of plant age became more apparent 451 as the experiment progressed (Fig. 6b) ; while caterpillars generally developed better on younger 452 plants than on older plants, the effect of plant age was more consistently negative throughout 453 monarch development on showy milkweed (Fig. 6b) . In comparison, when developing on 454 narrow-leaved milkweed, caterpillars early in the experiment showed a smaller negative effect of 455 plant age relative to those developing on showy milkweed, and these negative effects became 456 weaker throughout the experiment (Fig 6b) . This plant age effect trajectory on narrow-leaved on less-defended (i.e., higher-quality) resources and grew fast ( Figs. 1 and 4) ; they often 465 consumed a substantial proportion of their host plants before starving or attempting to disperse to 466 a second host plant (Fig. 8) . As a result, these caterpillars showed steep and short survivorship 467 curves on both host plant species; in general, these caterpillars grew fast and died young (Fig. 2) .
468
In comparison, caterpillars developing on the oldest host plants seemed to be limited by the 469 quality of host plant biomass as constrained by plant defense traits. These caterpillars showed the 470 23 slowest growth rates (Fig. 4) , but rarely consumed their entire host plant (Fig. 8) , and showed the 471 longest survivorship curves (Fig. 2) .
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The relative importance of milkweed quality and quantity as factors that structure seasonal 
